2 The chlorophyll meter is used to estimate nitrogen status of various crops. However, the relationship between SPAD readings and leaf nitrogen concentration (LNC) in sweet sorghum (Sorghum bicolor) has not been fully established. We examined the relationship between SPAD readings and LNC in sweet sorghum in a two-year study; and the effects of leaf thickness on the relationship was also examined. There was a significant relationship between the SPAD reading and LNC at each of two growth stages, but the correlation was weaker when the data for the two growth stages were pooled. This correlation improved when the specific leaf area was introduced as a second independent variable in the multiple regression analysis. This regression equation was applicable to not only different growth stages but also different seasons. The results suggest that the regression equation developed in this study can help in optimizing nitrogen fertilization for sweet sorghum production.
INTRODUCTION
Sweet sorghum [Sorghum bicolor (L.) Moench] is a promising multipurpose crop and its grain can be used for food, its stalk for ethanol and bagasse and the stripped leaves for fodder. Because of its wide adaptability to Estimating Leaf N Concentration in Sweet Sorghum 1641 dry conditions as well as its multiple usages, sweet sorghum has a great potential to increase the income of smallholder farmers in the semi-arid tropics (Rao et al., 2009) . To make sweet sorghum a profitable crop, there is an obvious need to develop appropriate agricultural practices such as optimum nitrogen (N) fertilization of the crop.
Satisfying the crop demand for N is important for increasing N use efficiency and minimizing its loss. Using a chlorophyll meter (SPAD-502; Konica Minolta Sensing, Tokyo, Japan) is one of the nondestructive methods to monitor the N status of crops. For example, SPAD reading has been used to predict the demand for N fertilizer topdressings in rice (Oryza sativa L.) (Cabangon et al., 2011) , maize (Zea mays L.) (Varinderpal-Singh et al., 2011) and wheat (Triticum aestivum L.) (Fox et al., 1994) crops.
The chlorophyll meter calculates SPAD reading based on the amount of light transmitted by the leaf in two wavelength regions, a red region (∼650 nm) and an infrared region (∼940 nm). It has been reported that there is a strong correlation between SPAD reading and leaf nitrogen concentration (LNC) in various plant species including rice (Peng et al., 1993; Gholizadeh et al., 2009) , maize (Dwyer et al., 1991) and woody plants ( Van den Berg and Perkins, 2004) . However, there is only one report on the relationship between SPAD readings and LNC in sorghum (Yamamoto et al., 2002) .
In addition, the correlation equations between SPAD reading and LNC differed markedly depending on the growth stages (Peng et al., 1993) and growing conditions (Campbell et al., 1990) . Difference in the leaf thickness may also contribute to the variability in the relationships between the SPAD reading and LNC (Campbell et al., 1990) . Therefore, this issue should be addressed to generalize the usefulness of the chlorophyll meter for estimating LNC under different growth stages and growing conditions in sweet sorghum.
The objective of this study, therefore, was 1) to evaluate the relationship between SPAD reading and LNC, 2) to examine the effect of leaf thickness on this relationship and 3) to determine the applicability of the regression equation developed at various growth stages and growing conditions in sweet sorghum.
MATERIALS AND METHODS
Field experiments were conducted at the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) farm in Patancheru, Andhra Pradesh, India (17.53 • N, 78.27 • E) in the 2009 and 2010 rainy seasons (June-October). The soil at the experiment was an Alfisol (Ferric Luvisol (FAO classification), Udic Rhodustalf (USDA classification)) with a pH of 7.9. Promising sweet sorghum hybrid in India 'CSH22SS' (Rao et al., 2009) was used in the study. The crops were sown on 16 June 2009 and 21 June 2010 during the two seasons. To create a large variation in leaf N status, six N fertilizer rates (0, 30, 60, 90, 120 and 150 kg N ha −1 ) were arranged in a randomized complete block design with three replications.
Twenty of second topmost fully expanded leaves were collected from each of the 18 plots (6 treatments × 3 replications) at two different growth stages: one week before panicle initiation stage (38 days after sowing) and booting stage (78 days after sowing) of growth in both the years. After cleaning dust from the leaf surface, an average of SPAD readings at 10-20 points (according to leaf size) using a chlorophyll meter (SPAD-502) was recorded for each leaf. Following this, the twenty leaves sampled from each plot were divided into four groups according to the SPAD readings. The first group consisted of the leaves from 1st to 5th smallest SPAD readings, 2nd group was from 6th to 10th, third group was from 11th to 15th and fourth group was from 16th to 20th. Leaf area of each of the leaf groups was measured by an automatic area meter (LI-3100, LI-COR, Lincoln, NE, USA). Leaf dry weight was measured after drying the leaves for more than 72 hours at 60 • C, and LNC in leaf digests was determined using an autoanalyser (Sahrawat et al., 2002) . Meteorological data on mean air temperature and precipitation were obtained from the ICRISAT weather station in Patancheru, India.
Regression analyses among plant leaf traits were conducted using the SPSS software (version 14.0J, SPSS Inc., Chicago, IL, USA). Difference between simple regression equations was tested with co-variance analysis.
RESULTS AND DISCUSSION
The air temperature was the highest in June (ca. 30 • C) in both the years and was slightly higher in the 2009 season than in 2010 during the study period (Table 1) . Precipitation was markedly low (59 mm) in July 2009 due to a long dry spell. Though furrow irrigation was conducted during this dry spell, still the plants exhibited water stress symptoms such as leaf-rolling. Precipitation in August was markedly higher (>37-year average) in both the years. SPAD readings ranged from 20.2 to 53.0 (Table 2) , which was within the reported range for sorghum (Yamamoto et al., 2002) . The SPAD reading values differed significantly between the two growth stages in 2010: it was higher at one week before panicle initiation stage than at the booting stage. Specific leaf area (SLA = leaf area / leaf dry weight) ranged from 138 to 326 cm 2 g −1 and was significantly lower (i.e. leaf was thicker) at the booting stage than at one week before panicle initiation stage in both the years. Dolciotti et al. (1998) also reported lower SLA at the later growth stages of sorghum crop. In addition, the SLA at one week before panicle initiation stage was lower in the 2009 season than in the 2010 season, probably due to the drought stress at the early growth stage in the 2009 season (Table 1) . Liu and Stützel (2004) reported a significant increase of leaf thickness due to drought stress. The LNC ranged from 1.01 to 3.61% and was significantly higher at one week before panicle initiation stage than at the booting stage in both the years (Table 2 ).
There were significant and positive correlations between SPAD reading and LNC at each growth stage in both the years (Figure 1) . The coefficients of determination (R 2 ) indicated that 42-88% of the variation in LNC was explained by SPAD reading at the each growth stage. These results show that the SPAD readings can be used as an effective indicator for evaluating the difference in LNC when comparing at the same growth stages in different seasons.
However, simple regression equations differed significantly between the two growth stages in both 2009 (P < 0.001) and 2010 (P < 0.001) seasons, and the coefficient of determination decreased considerably when the data of the two growth stages were pooled (Figure 1) . When comparing the SPAD value at the same LNC, it was higher at the booting stage than at one week before panicle initiation stage in both the years. Peng et al. (1993) reported FIGURE 1 Relationships between SPAD readings and leaf nitrogen concentration at 1 week before panicle initiation stage (stage 1) and at the booting stage (stage 2) of sweet sorghum crop in 2009 and 2010 seasons. * * * , significant at 0.1% level of probability.
higher SPAD readings with similar LNC at later growth stage in rice, and most of the variation in the relationships between SPAD reading and LNC could be explained by the difference in leaf thickness. Yamamoto et al. (2002) also reported the importance of considering leaf thickness to understand more precisely the relationship between SPAD reading and leaf chlorophyll content.
To estimate the LNC more precisely over various growth stages, a multiple regression using stepwise method was performed with LNC as the dependent variable and SPAD reading and SLA as the independent variables. Both independent variables were significant in explaining the variability in LNC and the regression equation in 2009 was as follows: LNC = − 2.65 + 0.0765 × SPAD + 0.0101 × SLA (R 2 = 0.71, P < 0.001, n = 144)
(1)
The coefficient of determination of this equation is significant and very high: this regression equation can explain 71% of the total variation in LNC.
To assess the accuracy of this equation over years, regression equation 1 was applied to the dataset obtained in 2010, i.e., we substituted the SPAD readings and SLA in 2010 into regression equation 1 and compared predicted LNC with observed LNC. The predicted LNC correlated strongly with the observed LNC (R 2 = 0.89, P < 0.001) and the scatter of data concentrated in the vicinity of the 1:1 line (Figure 2) . These results indicate that the regression equation 1 can be used to estimate LNC accurately using SPAD reading and SLA, and is probably applicable at different growth stages and seasons.
It cannot be disregarded, however, that our results were based only on one sweet sorghum genotype. Peng et al. (1993) compared the relationships between SPAD readings and LNC of five rice genotypes, and revealed that the relationships varied between genotypes and this variation was improved by taking SLA into regression equation. On the other hand, Yamamoto et al. (2002) reported that the relationships between SPAD reading and the leaf chlorophyll concentration did not differ significantly between the two sorghum genotypes. Further discussion is difficult here because there are few reports on the varietal difference of SPAD-LNC relationships in sorghum. Further studies are needed to confirm the stability of the regression equation 1 developed in this study not only to growth stages and growing conditions, but also to genotypes.
CONCLUSIONS
There were significant correlations between SPAD reading and LNC at each growth stage of sweet sorghum, indicating that LNC can be estimated from SPAD reading when comparing at the same growth stage. However, the correlations between SPAD reading and LNC were very poor when the data of the two growth stages were pooled. This poor correlation was improved when SLA was introduced as a second independent variable in the multiple regression analysis (equation 1). The regression equation obtained in this study was applicable to not only different growth stages but also different years with different growing conditions. It is indicated that this equation will help to optimize N fertilization of sweet sorghum production in the semi-arid tropical regions.
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